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Abstract
The vibronic interactions in a photocatalyst, isolated vanadium oxide on silica (VO4/SiO2), is
investigated. The coupling between the vibrational e mode and the electronic T1 state induces
a charge transfer from the basal oxygens to the terminal oxygen. The T1 state gives rise to a
Jahn-Teller (JT) distortion after the excitation. The HOMO of the JT distorted molecule, which
is localized on the active center, the terminal oxygen, is destabilized against the JT distortion,
while the system is stabilized because of the JT e®ect. The destabilization and localization of the
HOMO may cause enhancement of the reactivity for the oxidation.
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I. INTRODUCTION
Highly dispersed vanadium oxide on silica, VO4/SiO2, is a photocatalyst which promotes
the oxidation of light alkenes.1{4 The active species is the isolated VO4, which has a C3v
structure (see FIG. 1(a)).5 The vanadium oxide has two kinds of oxygen, basal oxygen (Ob)
and terminal oxygen (Ot). The terminal oxygen reacts with a substrate in the photo-excited
T1 state.
2,3,6 Spectroscopy and molecular orbital calculation have revealed that the HOMO
of the ground state consists of p orbitals of the basal oxygens, and LUMO's are doubly
degenerate orbitals which originated from d orbitals of vanadium.7,8 The ¯rst triplet state
is assigned to the excitation from the HOMO to the LUMO.8
In the T1 state, the frontier orbitals have no orbital coe±cient on the terminal oxygen,
although a substrate reacts with the terminal oxygen. In addition, a driving force of the
ligand-to-metal charge transfer (LMCT) from the terminal oxygen to the vanadium is still
open.7
In this Letter, we will address these problems in terms of the vibronic coupling theory9{11
using the density functional calculation and the model calculation.
II. STRUCTURES
We employed H3VO4 as a model of the isolated VO4 on silica (VO4/SiO2), where three
Si atoms bonded with the Ob are replaced by hydrogen atoms (FIG. 1(b)). We optimized
the singlet ground state and the triplet state of H3VO4 using the density functional method.
We employed the B3LYP functional with a basis set, LANL2DZ for V, 6-31G(d) for O,
and 6-31G for H. To obtain vibrational modes and frequencies, vibrational analyses were
performed. For simplicity, we adopted the result of the ground state as vibrational modes
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of the present system. Molecular orbitals were obtained employing the extended HÄuckel
method. All the density functional calculations and the extended HÄuckel calculations were
performed using the Gaussian03 package.12
For the ground state, we optimized the structure within the C3v symmetry. The vibra-
tional frequencies are tabulated in Table I, and the vibrational a1 and e modes are depicted
in FIG. 2. One imaginary mode a2(1) remains in the C3v-optimized structure, which will
give rise to a distortion from C3v to C3 or lower symmetry. It is ascribed to the pseudo
Jahn{Teller e®ect in the ground state. Since this e®ect is not important in the present dis-
cussion, we simply refer the optimized structure within the C3v symmetry as the optimized
structure.
On the other hand, for the triplet state, we obtained two Cs structures, one is a local
minimum, and the other a saddle point with one imaginary frequency. Figure 3 shows a
schematic representation of the potential surface of the triplet state. At the middle, the
potential surfaces conically intersect, and the minima are located along the trough which
corresponds to the deformed structures. The minima are separated by the saddle points.
This suggests that the Jahn{Teller e®ect occurs in the triplet state, and the vibronic coupling
may play an important role in the mechanism of the photocatalytic reaction. In fact, in the
Cs structure, the frontier orbitals have ¯nite coe±cients on the terminal oxygen, while, in
the C3v structure, the HOMO has no coe±cient on the terminal oxygen at all. Therefore, the
reaction center appears, and the LMCT occurs associated with the Jahn-Teller distortion.
In other words, the vibronic coupling induces the active center of the photocatalyst. The
e®ects on the frontier orbitals are discussed in detail in Sec. III.
Since the electronic term of the photo-excited state is 3E, the Jahn{Teller active vibra-
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tional modes are deduced from the symmetric product representation:
h
E2
i
= a1 © e:
Thus, the Jahn{Teller active mode is an e mode. In the model molecule, H3VO4, there
are ¯ve a1 and six e modes. Among them, some vibrational modes signi¯cantly couple to
the electronic state. To ¯nd such modes, the distortion from the ground state structure
with the C3v symmetry to the triplet state with the Cs symmetry was projected onto these
vibrational modes. The result is summarized in Table II. It is found that the e(3) mode has
the largest contribution to the Jahn{Teller distortion. Thus, we concentrate ourselves on
the e(3) mode, for simplicity.
The a1 modes also couple to the electronic state, though they cannot lower the molecular
symmetry, and they shift the orbital levels. Therefore, they can contribute to the deforma-
tion associated with the transition from the singlet ground state to the triplet state. Among
them, the a1(4) mode is particularly important since it corresponds to a stretching mode of
the V=Ot bonds which has been attributed to the progression in the emission spectra.
6,13,14
III. VIBRONIC MODEL
Figure 4 shows the change of the HOMO and NHOMO along the e(3) mode which has
the largest contribution in the JT deformation. Note that we denote HOMO, next HOMO
(NHOMO), and LUMO as those of the singlet ground state, not the triplet state, throughout
this Letter. The orbital patterns and levels were calculated using the extended HÄuckel
method in the DFT optimized structures.12 The LUMO's originate from the d orbitals of
the vanadium, and they are doubly degenerate, which results in the Jahn-Teller e®ect after
the electronic excitation E Ã A1. In the NHOMO, the molecular orbital is localized on
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the terminal oxygen as well as the basal oxygens. The HOMO consists of the p orbitals of
the basal oxygens and has no coe±cients on the terminal oxygen as long as the molecular
symmetry is C3v. From Figure 4, it is clear that the ¯nite coe±cient on the terminal oxygen
appears in the HOMO with the e(3) deformation. Since the deformation and the level
shifting depend on the vibronic coupling, we will estimate the orbital vibronic couplings
between these orbitals and the e(3) vibrational mode.
Since the LUMO level is doubly degenerate, denoted by e¤, the Jahn-Teller coupling exists
between the LUMO's, denoted by jµ¤i and j²¤i. In addition, the NHOMO's are also e, and
they are denoted by jµi and j²i. The NHOMO's also couple to the e mode.
The Jahn{Teller active e mode can couple the e orbitals with a2 and a1 orbitals:
a1 ­ e = e; a2 ­ e = e: (1)
Therefore, such o®-diagonal couplings should be taken into account in the present model.
Since an o®-diagonal coupling is important as long as two levels are close, we consider the
o®-diagonal couplings between the HOMO (a2) and NHOMO (e), and that between the
NHOMO and HOMO-2 (a1).
Accordingly, we set up the following vibronic Hamiltonian:
H^ = H^0 + H^LJT + H^o®¡diag (2)
H^0 =
X
i
²ijiihij; (3)
H^LJT = V1 [(¡jµ¤ihµ¤j+ j²¤ih²¤j)Qµ + (jµ¤ih²¤j+ j²¤ihµ¤j)Q²]
+V3 [(¡jµihµj+ j²ih²j)Qµ + (jµih²j+ j²ihµj)Q²] ; (4)
H^o®¡diag = V2 [(ja2ih²j+ j²iha2j)Qµ + (¡ja2ihµj ¡ jµiha2j)Q²]
+V4 [(ja1ihµj+ jµiha1j)Qµ + (ja1ih²j+ j²iha1j)Q²] ; (5)
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where i = a1; µ; ²; a2; µ
¤; ²¤, and ²i denotes the orbital level of the molecular orbital i. H^0
is the Hamiltonian without a distortion. H^LJT describes the linear Jahn{Teller couplings
of the e¤ and e orbitals, respectively. H^o®¡diag describes the o®-diagonal coupling between
the e and a2 orbitals and that between the e and a1 orbitals. V1; V2; V3; and V4 denote the
corresponding orbital vibronic coupling constants.
We obtained the orbital vibronic coupling constants for the e(3) mode by ¯tting the
eigenvalues of the above Hamiltonian (2) to the orbital energy levels calculated using the
extended HÄuckel method. The calculated constants are V1 = 1:5£10¡1 eV/(amu1=2¢ºA), V2 =
6:5£ 10¡2 eV/(amu1=2¢ºA), V3 = 1:2£ 10¡2 eV/(amu1=2¢ºA), V4 = 2:1£ 10¡2 eV/(amu1=2¢ºA).
Figure 5 shows the eigenvalues of the vibronic Hamiltonian (2) with the parameters
calculated above (solid lines) and the orbital level from the extended HÄuckel calculation
(dotted lines). It is found that the Jahn-Teller stabilization mainly comes from the Jahn-
Teller coupling V1 of the LUMO e
¤. Furthermore, the HOMO a2 is slightly destabilized
against the Jahn-Teller distortion with the o®-diagonal coupling V2. The HOMO which has
no coe±cient on the Ot interacts with the NHOMO e via the Jahn{Teller-active mode e.
Figure 4 shows the orbital mixing of the HOMO and NHOMO. In other words, the whole
system is stabilized by the Jahn-Teller coupling V1, and, in the same time, the active center
is induced by the o®-diagonal vibronic coupling V2 between the HOMO and NHOMO.
IV. CONCLUSION
We calculated the optimized structure in the singlet ground and triplet excited states of
the model molecule of vanadium oxide on silica, and the energy spectrum of the vibronic
Hamiltonian. Major ¯ndings are as follows:
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1. The optimized structures of the triplet state have Cs symmetry, which is ascribed to
the Jahn-Teller e®ect.
2. The Jahn-Teller stabilization mainly comes from the orbital vibronic coupling of the
LUMO e¤ originated from the d orbitals of the vanadium with the e vibrational mode.
3. The o®-diagonal vibronic coupling V2 induces the active center in the photocatalytic
reaction, while the whole system is stabilized with the Jahn-Teller coupling V1.
Since the a1 and e modes couple to the phosphorescent state, the emission spectrum
should shed light on the vibronic structure in the present system. In the assignments pub-
lished so far, explaining the various separations of the vibrational ¯ne structure have failed
since they have considered only the stretching of V=Ot bond (a1(4) mode)
6,13,14 or attributed
the progression to a stretching of the V-O-Si ligands.8
Our study reveals the crucial role of the e modes as well as the a1 modes in the phospho-
rescent state. Further study on the complete assignment of the phosphorescence spectra is
now in progress. The result will be published in the future.
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TABLE I: Vibrational frequency (cm¡1) of X1A1 sate of H3VO4. The asymmetric a2(1) mode with
an imaginary frequency suggests that the pseudo Jahn-Teller e®ect occurs in the singlet ground
state.
a1(1) 255.4 a2(1) 124.0i e(1) 216.6
a1(2) 698.2 e(2) 294.4
a1(3) 758.7 e(3) 407.1
a1(4) 1151.7 e(4) 637.7
a1(5) 3763.6 e(5) 799.9
e(6) 3756.4
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TABLE II: Distortion of H3VO4 in the T1 state from C3v to Cs projected on the normal coordinates
(
p
amuºA).
a1(1) 0.330 e(1) -0.039
a1(2) 0.390 e(2) -0.567
a1(3) 0.438 e(3) 1.397
a1(4) 0.607 e(4) 0.149
a1(5) -0.616 e(5) 0.132
e(6) 0.436
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Figure captions
FIG. 1: (a) Isolated active species of highly dispersed vanadium oxide supported on silica,
VO4/SiO2. There are two kinds of oxygen, terminal oxygen Ot and basal oxygen Ob. (b)
Model molecule H3VO4.
FIG. 2: Vibrational a1 and e modes of the X
1A1 state.
FIG. 3: Schematic representation of the optimized structures and the Jahn-Teller potential
surface in the triplet state. (a) The triangle indicates three basal oxygens (b) Cross section
of the potential along the line between the minimum and the saddle point. At the center,
the potential curves conically intersect.
FIG. 4: Orbital mixing of the HOMO a2 and NHOMO e.
FIG. 5: Orbital energy calculated using the extended HÄuckel method (dotted lines) and
calculated energy spectrum of the vibronic Hamiltonian with the parameters(solid lines) as
a function of the e(3) normal coordinate.
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